The crystal structure, hydrogen bonding, mechanical properties and Raman spectrum of the lead uranyl silicate monohydrate mineral kasolite, Pb(UO 2 )(SiO 4 )$H 2 O, are investigated by means of first-principles solid-state methods based on density functional theory using plane waves and pseudopotentials. The computed unit cell parameters, bond lengths and angles and X-ray powder pattern of kasolite are found to be in very good agreement with their experimental counterparts. The calculated hydrogen atom positions and associated hydrogen bond structure in the unit cell of kasolite confirmed the hydrogen bond scheme previously determined from X-ray diffraction data. The kasolite crystal structure is formed from uranyl silicate layers having the uranophane sheet anion-topology. The lead ions and water molecules are located in the interlayer space. Water molecules belong to the coordination structure of lead interlayer ions and reinforce the structure by hydrogen bonding between the uranyl silicate sheets.
Introduction
Kasolite, Pb(UO 2 )(SiO 4 )$H 2 O, is an important hydrated uranyl silicate mineral phase which was found for the rst time by Schoep in 1921 . 1 Its name, was coined by Schoep, emphasizing the locality in which it was found for the rst time: the Kasolo mine (Katanga, Democratic Republic of the Congo).
1 Uranyl silicates are the most abundant uranyl minerals in the Earth's surface and form predominantly in uranium rich aqueous solutions containing the ubiquitous silicate ion. 2, 3 They have been invariably found as a result of the oxidation and dissolution/precipitation processes occurring in uraninite-bearing ore deposits. [4] [5] [6] [7] [8] Kasolite has also been documented to be a fundamental component of the paragenetic sequence of secondary phases that arises from the corrosion of spent nuclear fuel (SNF) under the nal geological disposal conditions. [9] [10] [11] [12] [13] Kasolite, the only known uranyl silicate containing lead, together with the lead uranyl oxides, such as vandendriesscheite or curite, 14, 15 is among the most relevant lead uranyl containing phases. The study of uranyl silicate phases is extremely important because the knowledge of their long-term stability under various environmental conditions is required to understand the complex assemblages of uranyl minerals found at uranium deposits. 2, 3 While the crystal structure of kasolite has long been investigated, [16] [17] [18] [19] [20] [21] its full structure determination, including the positions of the hydrogen atoms has been reported only recently.
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One of the most important sources of lead in uranium containing minerals is via uranium radioactive decay. 2, 3 During this decay, uranium disintegrates through a series of daughter products nally to radiogenic lead. The content of radiogenic lead is quite variable but can reach large values in ancient uraninite. 23, 24 Lead may replace uranium to some extent and occupy interstitial sites within the uraninite structure. 25 The accumulation of lead in uraninite induces signicant strain in the structure of uraninite and it is eventually released from it. Since lead is relatively immobile in most groundwaters, may form oxides or sulfurs (as galena), but also, under oxidant conditions, may precipitate in the form of uranyl containing minerals. Accumulation of radiogenic lead may also occur in the crystal structure of uranyl containing minerals leading to the destabilization of the structure and yielding the reprecipitation of lead containing secondary phases as kasolite and curite. 26, 27 Kasolite may also have a non-radiogenic origin, for example from uraninite in contact with other lead containing minerals as galena under oxidant conditions. 2 The knowledge of the structures of uranyl containing minerals has increased signicantly in the last decades 2, 3 due to the generation of better analytical techniques, the most important one being the introduction of charge-coupled device (CCD) detectors for X-ray diffraction. 28 These CCD detectors allow for accurate structure determinations of both small unit cell crystalline materials and of minerals with large unit cells, both types of structures being varieties frequent within the uranyl mineral groups. However, for uranyl containing materials, the resolution of the positions of the hydrogen atoms from X-ray diffraction data by structure renement is usually not possible. Five important examples for which a full structure determination has been possible in recent times are those of the schoepite, 32 For schoepite, metaschoepite, becquerelite and USM, the hydrogen atom positions were successfully determined using theoretical methods. These studies are extended here since the full crystal structure of kasolite is determined in this paper using the theoretical solid-state methodology. This study conrms the full crystal structure determination, including the hydrogen atom positions, performed recently by Fejfarová et al. 22 While these positions may also be obtained by using other less involved methods, as the TORQUE method, 33 which has been used recently to determine the hydrogen bond structure of curite mineral, 15 the theoretical methodology offers a more rigorous solution, since the results can be assured to be a global minimum of hypersurface of the total energy of the material in terms of the associated lattice parameters and atomic positions. Furthermore, in turn, the availability of the energy optimized full crystal structure, including the hydrogen atom positions, permits the realization of additional theoretical studies. As an example, the mechanical and Raman spectroscopic properties of kasolite are evaluated in this paper. The calculations have been carried out using rst-principles theoretical solid-state methods based on density functional theory (DFT) using large plane wave basis sets and pseudopotentials for the description of internal atomic electrons. 34 At the basis of this work and a series of previous theoretical works concerning uranyl containing minerals, [29] [30] [31] 33, [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] is the seminal generation of an accurate relativistic norm conserving pseudopotential specic for uranium atom.
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This paper is organized as follows. In Section 2, the experimental and rst-principles theoretical solid state methodology used in this work is described. The main results of the present paper are contained in Section 3. Section 3.1, reports the calculated crystal structure of kasolite. The hydrogen bonding structure in kasolite is discussed in Section 3.2. The computed X-ray powder pattern is reported in Section 3.3. The mechanical properties and mechanical stability of kasolite are studied in Section 3.4. The computed Raman spectrum and the assignment of the bands in this spectrum are provided in Section 3.5. In this same section the theoretical spectrum is compared with the experimental one recorded from a natural mineral sample. Finally, Section 4 presents the main conclusions of this paper.
Materials and methods

Experimental
The natural mineral sample studied in this work is from the Jánská vein, Příbram base metal ore district, Czech Republic. 48, 49 Kasolite sample is an aggregate of lath-like to acicular crystals. This mineral sample was analyzed using Raman spectroscopy. The Raman spectrum was recorded using incident radiation perpendicular to the direction of elongation of crystals. The Raman spectrum was collected in the range 4000-45 cm À1 using a DXR dispersive Raman Spectrometer (Thermo Scientic) mounted on a confocal Olympus microscope. The Raman signal was excited by an unpolarised red 633 nm He-Ne gas laser and detected by a CCD detector. The experimental parameters were: 100Â objective, 10 s exposure time, 100 exposures, 50 mm pinhole spectrograph aperture and 8 mW laser power level. The instrument was set up by a so-ware-controlled calibration procedure using multiple neon emission lines (wavelength calibration), multiple polystyrene Raman bands (laser frequency calibration) and standardized white-light sources (intensity calibration). Spectral manipulations were performed using the Omnic 9 soware (Thermo Scientic). The Raman spectrum was recorded for well-formed single-crystals of kasolite. Therefore, the possibility of the presence of impurities is very small.
First-principles theoretical solid state methodology
The present theoretical study was performed using the CASTEP code, 50 a module of the Materials Studio soware suite. 51 The specialized version of the Perdew-Burke-Ernzerhof energydensity functional, 52 PBEsol, 53 was used. The pseudopotentials used for H, O, Si and Pb atoms in the unit cell of kasolite mineral were standard norm-conserving pseudopotentials 54 given in CASTEP code (00PBE-OP type). The relativistic normconserving pseudopotential employed for uranium atom was generated from rst principles in previous works. 35, 36 This pseudopotential has been validated extensively in the research of uranyl containing materials. [29] [30] [31] 33, [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] The optimization of the dimensions and shape as well as the atomic positions of the unit cell of kasolite was carried out by means of the BroydenFletcher-Goldfarb-Shanno (BFGS) technique. 55 The plane wave kinetic energy cut-off parameter employed in the calculations was very large, 3 ¼ 1000 eV, and the k-mesh 56 employed was 3 Â 3 Â 2. These parameters were chosen to obtain well converged crystal structures, energies and mechanical properties. The Xray powder diffraction patterns were determined 57 from the optimized crystal structures using the soware REFLEX implemented in the Materials Studio package.
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The computation of the Raman spectrum of kasolite was carried out using the linear response density functional perturbation theory (DFPT), [58] [59] [60] in the same way as in previous papers. 29, [36] [37] [38] 40, 41, 44, 47, 61, 62 The calculated Raman shis were not scaled to correct them for the anharmonicity and remaining approximations used in the theoretical treatment employed, such as incomplete treatment of electron correlation and basis set truncation. 63 Therefore, they correspond to the harmonic approximation of the interatomic force eld.
The elastic tensor elements needed to determine the mechanical properties and to study the mechanical stability of the kasolite crystal structure were calculated from stress-strain relationships using the technique of nite deformations 64 as programmed in CASTEP code. 50 This technique has been very satisfactorily applied in the determination of the elastic response of solid materials. 29, 31, 33, 38, 39, 41, 44, 46, 65, 66 The bulk modulus and its derivatives with respect to pressure were obtained by tting the lattice volumes and associated pressures to a fourth-order Birch-Murnahan equation of state. 67 The lattice volumes in the neighborhood of the optimized equilibrium geometry were determined by optimizing the kasolite crystal structure under the effect of eighteen different applied external pressures with values in the range À1.0 to 11 GPa. EOSFIT 5.2 code 68 was used to adjust the results to the chosen equation of state. The corresponding crystal structure optimizations under pressure were also performed using the BFGS method. The three-dimensional representations of the mechanical properties of kasolite as a function of the orientation of the applied strain were performed with the ElAM soware. 69 3 Results and discussion
Crystal structure
The crystal structure of kasolite was rst experimentally studied as soon as 1963 by Huynen et al. 19 This study was continued by a large set of subsequent studies including those of Mokeeva,
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Rosenzweig and Ryan, 16 Stohl and Smith, 17 Vochten et al.,
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Chenorukov et al. 21 , and Fejfarová et al. 22 The rened structure of Fejfarová et al. 22 improved largely the previous proposed structures and provided the hydrogen atom positions in the kasolite unit cell. In the current study, based on density functional theory calculations, we conrmed the hydrogen bond model proposed in the work by Fejfarová et al. 22 The calculated atomic positions resulting from our calculations are given as ESI in an independent le of CIF (Crystallographic Information File) type. †
The crystal structure of kasolite has monoclinic symmetry, space group P12 1 /c1 (no. 14). Table 1 gives the calculated lattice parameters, volume and density compared with the corresponding experimental information. As may be observed, the agreement is very good, the difference of the calculated volume and density with respect to the experimental values reported by Fejfarová et al. 22 being only about 0.9%. Fig. 1 displays the computed crystal structure of kasolite. As may be seen in Fig. 1 , U atom in kasolite is coordinated as a pentagonal bipyramid, 70 which is the most frequent coordination type among the hexavalent U structures. 71 The uranyl bipyramids share two equatorial edges to form chains expanding along b axis. As shown in the Fig. 1C , the chains are connected through silicate tetrahedra to form uranyl silicate layers perpendicular to a axis. The layers are perfectly superimposed when viewed from a direction. The silicate fragments share an edge (two oxygen atoms) with one chain and a vertex with Table 1 Computed lattice parameters of kasolite mineral
DFT another. The three oxygen atoms in the silicate edge and vertex from a triangle which is placed within the uranyl silicate sheet. The remaining oxygen atom in the silicate fragment points towards the interlayer space. The Pb atoms and water molecules are placed within the interlayer space. If the Pb-O bond distance cutoff is taken as 3.3Å, the coordination number of Pb to O is eight as shown in Fig. 1 . The geometric shape of the Pb coordination structure is an irregular polyhedra having 16 triangular faces, 16 edges and 8 vertices (4 equatorial vertices, 2 upper apical vertices and 2 lower apical vertices), which has a square shaped equatorial plane. As can be seen in Fig. 1 , the interlayer water is not free (held to the structure by hydrogen bonding only), but structural since forms part of the lead coordination structure. A set of representative interatomic lengths and angles are given in Tables 2 and 3 compared with the corresponding experimental values. 16, 22 As can be seen, the experimental values reported by Rosenzweig and Ryan 16 were signicantly improved by Fejfarová et al. 22 The values calculated in this work agree very well with the last experimental values. For example, the uranyl oxygen atoms at the apical positions of the uranyl pentagonal bipyramids have experimental 22 uranium-oxygen bond lengths (U-O1 and U-O2) of 1.796 and 1.825Å which are in good agreement with the computed values of 1.839 and 1.857Å, respectively. The experimental average equatorial UO distance 22 is 2.35Å and the calculated one is 2.32Å. These two values are close to the average value of 2.37Å reported by Burns et al. 71 for this kind of coordination polyhedra determined from a large set of well-dened structures of uranyl containing materials.
Hydrogen bonding
There are three hydrogen bonds in the structure of kasolite. These hydrogen bonds are shown in Fig. 2 . The rst is a strong nearly linear bond between the water oxygen and the uranyl O2 oxygen mediated by H2. The other two are symmetry equivalent hydrogen bonds between two water molecules mediated by H1. Each pair of water molecules are hydrogen bonded by these two hydrogen bonds as shown in Fig. 2 . This kind of hydrogen bonding involving two symmetrically related bonds between each pair of water molecules should be quite strong and is very interesting. As far as we are concerned, its presence has not been reported for other solid materials. Due to the large restrictions in the structural water molecule positions, imposed by the interactions with the lead central cation and the uranyl silicate sheet, the possibility of nding a similar geometrical distribution of the water molecules in other materials is very small. Besides, the highly symmetrical and energy favored water distribution in kasolite confers to the interlayer structure a large strength and rigidity which, as shown below, is reected in the large hardness and mechanical isotropy of kasolite structure.
X-ray powder diffraction pattern
The X-ray powder diffractograms of kasolite were determined 57 from the computed and experimental 16 crystal structures employing the soware REFLEX included in Materials Studio package of programs 51 with CuK a radiation (l ¼ 1.540598Å). The obtained patterns are compared in Fig. 3 in which a true experimental X-ray powder diffraction pattern of kasolite 72 is also included. The agreement of the computed and experimental diffractograms is very good. This fact gives a rm support to the computed crystal structure and to the theoretical treatment used in this work.
Mechanic properties and stability
3.4.1 Elasticity matrix and mechanical stability. The symmetric stiffness matrix for a monoclinic crystalline material has 13 independent non-vanishing matrix elements. 73, 74 The computed values of the C ij constants are given in Table 4 . The indices of the matrix elements of the elasticity matrix are expressed in this work using the standard Voigt notation in which a pair of Cartesian indices are contracted into a single integer 1 # i # 6: xx / 1, yy / 2, zz / 3, yz / 4, xz / 5, xy / 6.
The generic necessary and sufficient Born criterion for stability of a monoclinic symmetry crystal structure is that all eigenvalues of the C matrix be positive. 75 Therefore, the C matrix was diagonalized numerically and all eigenvalues were found to be positive. Since the above condition was fullled, kasolite crystal structure is mechanically stable. 81 The most relevant result of those given in Table 5 , is that the universal anisotropy index 82 of kasolite is very small, A U ¼ 0.39. This result was, at rst sight, quite surprising due to the fact that layered materials are, in general, very anisotropic mechanically due to the fact that the bonding strength along the direction perpendicular to the structural sheets is commonly much smaller than in the remaining directions. However, the large isotropy in kasolite is easily understood at the microscopic scale in the light of the hydrogen bond structure present in the crystal structure of this mineral. Due to the strong character of the hydrogen bonding among the uranyl silicate sheets in kasolite, the bonding strength along the direction perpendicular to sheets is similar to that along the other directions. Fig . 2 Hydrogen bond structure in kasolite mineral. As may be observed, a pair of water molecules in the structure of kasolite are dually hydrogen bonded, that is, they are linked through two symmetrically related hydrogen bonds, one being directed from the first water molecule to the second one and the other from the second water molecule to the first one. Color code: U-blue; Si-brown; Pbgreen; O-red; H-white.
In order to visualize the dependence of the mechanical properties of kasolite as a function of the direction of the applied strain in a detailed manner, the ElAM program 69 was utilized to generate detailed tridimensional representations of the most important elastic properties. The results are displayed in Fig. 4 . As can be observed, the Fig. 4A -D are consistent with the previous discussion about the large mechanical isotropy of this mineral. The dependence of its elastic properties with respect to the direction of the applied strain is relatively featureless in comparison with the dependence observed for other uranyl containing materials 29, 31 and also non-uranyl materials. 65, 66 As can be seen, this dependence is very different to that of the schoepite 29 and becquerelite, 31 despite they are also layered uranyl containing materials.
Finally, the transverse and longitudinal elastic wave velocities in kasolite were estimated using the calculated elastic constants. 44, 74 The values found were V L ¼ 4.587 km s À1 and V T ¼ 2.701 km s À1 using the computed bulk and shear moduli and the calculated crystal density of 6.605 g cm À3 (see Table 1 ). 
Equation of
state and bulk modulus pressure derivatives. By optimizing the crystal structure of kasolite under the effect of eighteen different applied pressures, the lattice volumes near the equilibrium geometry were determined. Then, EOSFIT 5.2 code 68 was utilized to t the calculated volumepressure data to a fourth-order Birch-Murnaghan 67 equation of state (EOS). The tted EOS parameters are the bulk modulus and its rst two pressure derivatives. The values found are given in Table 6 . As may be noticed, the calculated bulk modulus, B ¼ 66.08 AE 1.89 GPa, is in good agreement with that obtained from the elastic constants, B ¼ 70.94 AE 6.88 GPa.
Raman spectroscopy
The Raman spectra of kasolite was recorded from a natural mineral sample from the Jánská vein, Příbram base metal ore district, Czech Republic. 48, 49 The resulting spectrum was compared with the theoretical spectrum computed by using density functional perturbation theory. The theoretical spectrum was computed at T ¼ 298 K, l ¼ 532 nm, FWHM ¼ 20 cm À1 . As may be seen in Fig. 5 , the experimental and theoretical spectra are in very good agreement. Pictures of the atomic motions in the Raman active vibrational modes are provided in Fig. S1 of ESI. † The analysis of the Raman spectrum was performed in four different wavenumber regions: (i) OH stretching vibration region from 3300 to 3650 cm À1 (Fig. 5D); (ii) H 2 O bending region from 1500 to 1700 cm À1 (Fig. 5C) ; (iii) uranyl (UO 2
2+
) and silicate (SiO 4 4À ) fundamental vibrations region from 600 to 1100 cm À1 (Fig. 5B) ; and (iv) low wavenumber region from 45 to 600 cm À1 (Fig. 5A) . The band wavenumbers of both spectra along with the corresponding calculated intensities and assignments are given in Table 7 . The Raman band shis and assignments performed by Frost et al. 83 are also given in this table for comparison. The Raman spectrum of Frost et al. 83 was recorded from a high purity natural specimen from El Sherana mine, South Alligator River, Northern Territory, Australia. The Raman spectrum was collected in the range between 100 and 4000 cm À1 at the liquid nitrogen temperature (77 K), using as excitation source a HeNe laser (633 nm). The spectral resolution achieved was 2 cm À1 .
(i) OH stretching vibrations region: the experimental and theoretical Raman spectra of the hydroxyl stretching region are shown in Fig. 5D a Raman shis and assignments performed by Frost et al. 83 are also given for comparison.
(ii) H 2 O bending region: the experimental and theoretical spectra of this region are shown in Fig. 5C ) fundamental vibrations region: the experimental spectrum of this region presents two rst weak bands, referred to as c and d, respectively, in Table 7 located at 1015 and 977 cm À1 . These bands were not detected by Frost et al. 83 and are absent in the theoretical spectrum. These two bands are identied as combination bands as indicated in Table 7 ). This assignment is conrmed here. However, as may be seen in Table 7 , this band contain also signicant contributions from uranyl antisymmetric stretching vibrations (see Fig. S1 83 Again, this assignment is not supported by the theoretical work. The assignment of these bands is complicated and is given in detail in Table 7 . As may be observed, the interpretation of the origin of these bands involves a large series of atomic motions as the uranyl bending, d(UO 2 2+ ), the uranyl rotation, r(UO 2 2+ ), and the uranyl deformation, g(UO 2 2+ ), motions. The difference between these three kinds of uranyl atomic motions is illustrated in Fig. 6 . As can be seen, the bending and rotation motions involve displacements of the uranyl oxygens out of the uranyl axis in the same and opposite directions. In the deformation motion, each oxygen displaces in a different direction. Since the uranyl fragment displays these three different types of motion, this spectral region should not be referred to as uranyl bending region. Other types of motions involving atomic motions in the uranyl polyhedra are the equatorial OUO wagging and twisting vibrations, w(OUO eq ) and t(OUO eq ) and the equatorial out of plane UO bending vibration, which are also shown in Fig. 6 ) is a very satisfactory feature due to the great difficulty of reproducing these types of bands using rst-principles methods. In general, it is impossible to assign the bands of very low wavenumbers empirically and they are simply ascribed without any specication to deformation, translational and rotational motions. The excellent agreement obtained allowed to assign all these bands, providing a detailed description of the origin of these bands (see Table 7 ). 3.5.1 Resolution of Raman bands into components. One of the rst tasks to be performed when an experimental vibrational (Raman or infrared) spectrum is recorded is the resolution of the bands into components. This is due to the broadening and overlap of the single bands which do not allow for a simple resolution. This task is usually performed using Lorentzian ts, which is quite difficult because several possible resolutions are frequently possible using different numbers of components and initial locations of the associated peaks. Only one of these possibilities corresponds to the physical reality and several resolutions may lead to reasonable tting statistics. If an incorrect selection is made, the results will be unphysical. This problem could be minimized if accurate quantum theoretical computations are carried out because their results provide the number of single components and their approximate positions. The case of kasolite is specially complicated because, as can be seen in Table 7 , a large series of experimental bands require resolution. The resolution of the experimental kasolite Raman bands into components using the number of components and initial positions obtained in the theoretical computations is illustrated in Fig. 7 and S2 of the ESI. † Despite of this difficulty, the resolution into components performed in the work by Frost et al. 83 is excellent, leading in most cases to the correct number of bands and locations. However, the resolution of band g was not performed and this band was le as a single component. The theoretical calculations revealed the existence of four Raman allowed vibrational transitions with associated wavenumbers close to 185 cm À1 (see Fig. 7 ). The resolution of this band yielded the position of four sub-bands with wavenumbers 203, 192, 187 and 182 cm
À1
. Consequently, theoretical calculations are a very useful tool to reduce the ambiguity and complexity of resolving and assigning the experimental vibrational spectra.
Conclusions
The crystal structure of kasolite mineral was obtained by using rst-principles theoretical solid-state methods. The structure optimization was carried out by employing the PBEsol exchangecorrelation energy-density functional. The computed structure conrmed the experimental observations 22 since the lattice parameters, interatomic distances and angles, and X-ray powder pattern were in good agreement with the experimental information. The detailed analysis of the hydrogen bond structure revealed that the hydrogen bonding in kasolite is strong and dual. The water molecules in kasolite are distributed in pairs held together by two symmetrically related hydrogen bonds (one being directed from the rst water molecule to the second one and the other from the second water molecule to the rst one). The availability of the energy optimized hydrogen atom positions in kasolite permitted the theoretical computation of its mechanical properties and Raman spectrum because the application of the theoretical methodology for their calculation requires the knowledge of the optimized full crystal structure.
From the calculated elasticity matrix, the mechanical stability of the kasolite crystal structure was studied and a large series of relevant mechanical data was obtained. The computed mechanical properties include the bulk modulus and its pressure derivatives, the Young and shear moduli, the Poisson ratio and the ductility, hardness and anisotropy indices. Since these properties have not been measured experimentally, their values were predicted. Kasolite is shown to be a hard and brittle mineral having a large bulk modulus of the order of B $71 GPa. Kasolite has a great mechanical isotropy despite of being a layered material. This property is the direct consequence of the strong hydrogen bonding between the structural uranyl silicate sheets in kasolite, which makes the bonding strength along the direction perpendicular to the layers of similar magnitude to that along the remaining directions. Finally, the Raman spectrum of a natural sample of kasolite was recorded and compared with the computed Raman spectrum. Since the agreement was very good, the theoretical calculations were used to assign the bands of the experimental spectrum. A large number of kasolite Raman bands were reassigned. Three bands of the experimental spectrum, located at the wavenumbers 1015, 977 and 813 cm À1 , were identied as combination bands. The theoretical calculations were also found to be an extremely useful tool to guide the resolution into single components of the bands of the experimental spectrum.
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